Introduction
For more than a decade, hydrogen as an alternative to traditional energy sources such as oil and natural gas has been the focus of research and development efforts in all technologically advanced countries of the world. It is strongly believed that hydrogen can help to address the growing demand for energy and slow down global climate change. In fact, hydrogen can be produced from a variety of sources including fossil fuels, renewables and water (by means of nuclear, wind or solar energy). It is non-toxic and, as an energy carrier, extremely environmentally benign since water is the only exhaust product when hydrogen is converted into energy.
Despite obvious benefits, an immediate incorporation of hydrogen into the world economy faces a number of challenges. Unlike oil and natural gas, hydrogen has no large-scale infrastructure supporting its transportation. Although it is routinely used by chemical and refining industries, the cost of hydrogen storage and delivery is too high for many energy applications, thus impeding the introduction of the Hydrogen Economy in which energy is stored and transported using hydrogen as a major energy carrier. Table 1 shows a subset of the DOE hydrogen storage system targets for 2010. [2] [3] [4] The 2010 targets would allow some vehicles to achieve a driving range of 300 miles for early market penetration. The system volumetric capacity target includes a 20% penalty for storage systems that are not conformable to the existing packaging space currently utilized by conventional gasoline tanks. Even more challenging targets have been identified for the 2015 timeframe to enable the required driving range for the full range of light-duty vehicles in the North American market. The DOE storage targets assume a factor of 2.5 to 3 in improved efficiency for the vehicle's fuel cell power plant over today's gasoline ICE vehicle. Assuming the efficiency gains, it is estimated that on-board capacities in the range of 5-13 kg of hydrogen (1 kg hydrogen ~1 gallon of gasoline energy equivalent) would satisfy the needs of the range of today's light-duty fuel cell vehicles.
Much emphasis has been placed on meeting the volumetric and gravimetric targets. While this is central, it must be noted that transient performance must also be achieved by the storage system from "full" tank to "almost depleted." Two key targets noted in Table 1 are the system fill time and the minimum full flow rate. The system fill time, for all methods that involve an exotherm upon hydrogen filling, is strongly dependent upon the thermodynamic properties of the materials (e.g. hydride formation enthalpy or heat of adsorption) and the efficiency of the thermal management system for heat removal and rejection. For example, in order to fill a tank with 8 kg of hydrogen in 5 minutes, a material with a heat of adsorption of 30 kJ/mol will generate heat at a rate of 400 kW. This heat will need to be removed and rejected between the vehicle and the filling station. Conversely, an 80 kW power demand by the fuel cell corresponds to a minimum full flow rate of hydrogen of 1.6 g/s, based on the DOE target of 0.02 g/s/kW. For materials 1 approaches, this hydrogen release rate must be achieved (ideally) at temperatures that can use the waste heat from the PEM fuel cell power plant (e.g. less than 80 °C) over the entire composition range of the material.
In summary, all targets are application driven and not based upon a particular method or technology for storing hydrogen. For commercially acceptable system performance, the targets must be attained simultaneously. For material approaches, it is important to remember that in order to achieve system-level capacities the gravimetric and volumetric capacities of the material alone must clearly be higher than the system-level targets. Recent system developments suggest that, depending on the material and on the system design, material capacities may need to be a factor of up to 2 times higher than system capacity targets.
Storage System Technology Status
DOE hydrogen storage research is focused on, but not limited to, materials-based technologies that have the potential to meet DOE's 2010 targets and eventually 2015 targets. Currently, research is focused on achieving the volumetric and gravimetric capacity targets in Table 1 , while also meeting the energy and temperature requirements for hydrogen release and the kinetics of hydrogen charging and discharging. In Figure 1 , the current status of vehicular hydrogen storage systems is shown in comparison to the gravimetric, volumetric and system cost targets. This figure includes R&D data and modeled projections provided by developers, and will be periodically updated by DOE as more data becomes available. The figure also includes a range of tank data from 63 vehicles validated through DOE's "Learning Demonstration" project which includes about 70 hydrogen-fueled vehicles and 10 fueling stations operating to date. Based on operation of these vehicles under "real world" conditions, a driving range of 103 to 190 miles has been achieved thus far (assuming an EPA drive cycle). These vehicles had a hydrogen capacity of about 2 to 4.5 kg. It is evident from Figure 1 that none of the current vehicular hydrogen storage systems meet the combined gravimetric, volumetric, and cost targets for either 2010 or 2015. 
Research Challenges
On-board hydrogen storage approaches presently being examined by developers include compressed hydrogen gas, cryogenic gas and liquid hydrogen, metal hydrides, high surface area adsorbents, and chemical hydrogen storage media. Compressed and cryogenic hydrogen, adsorbents and some metal hydrides are categorized as "reversible" on-board because these materials may be refilled/recharged with gaseous hydrogen on-board the vehicle, similar to gasoline refueling today. In contrast, chemical hydrogen storage materials generally require a chemical reaction pathway to be regenerated and so the storage system cannot be directly refueled with hydrogen on-board the vehicle. Such systems are referred to as "off-board regenerable," requiring the spent media to be removed from the vehicle and then regenerated with hydrogen either at the fueling station or at a centralized processing facility. Chemical hydrogen storage approaches may also serve as a hydrogen delivery carrier by providing an alternative to transporting hydrogen as a gas or cryogenic liquid.
The various hydrogen storage options under consideration have both common and differing issues. For compressed gas and cryogenic tanks, volume and cost are the primary concerns. Cost and thermal management are issues for all material approaches. For chemical hydrogen storage approaches, the cost and energy efficiency for off-board regeneration are key issues. Research is also needed on improving hydrogen discharge kinetics and simplifying the reactor required for discharging hydrogen on-board the vehicle (e.g. the volume, weight, and operation). For metal hydrides, weight, system volume and refueling time are the primary issues. Volumetric capacity and operating temperature are prime issues for adsorbents that are inherently low density materials and have low hydrogen binding energies thus requiring cryogenic temperature. Finally, for all materials approaches, transient performance and its control for hydrogen discharge is relatively unexplored from a "full" tank to the "nearly depleted" tank.
Summary
The DOE hydrogen storage system targets were developed by translating vehicle performance requirements into storage system needs. The targets are not based upon a particular method or technology for storing hydrogen but for commercially acceptable system performance; they must be attained simultaneously. High pressure or cryogenic hydrogen storage systems are already available in prototype vehicles. DOE-sponsored research is being directed at materials-based approaches with the potential to meet the long-term targets. Details on the DOE's "National Hydrogen Storage Project" and progress made by DOE-funded researchers are available in references 2 through 4. In addition to gravimetric capacity, the R&D community should focus on understanding the volumetric capacity, thermodynamics, kinetics and potential durability/cyclability of materials. Material and system safety is obviously a foremost requirement. The ultimate goal is for storage systems to be integrated with PEM fuel cell power plants, utilizing available waste heat as effectively as possible. Finally, the performance of the storage system must be comparable from a "full tank" to when the owner and vehicle arrive at the filling station with a nearly empty tank. While many promising new approaches have been developed in the last two years, technical challenges remain in order to achieve the 2010 and eventually the 2015 system targets.
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( . Unfortunately, even highly compressed hydrogen gas is unlikely to be of sufficient volumetric density (40 g/L at 700 bar) to enable a fuel system to meet the 300-mile target. Liquified hydrogen at 70 g/L also falls short of reasonable volumetric system targets when cooling systems required to keep hydrogen liquified (b.p. -253 °C) are added to the storage system.
Many materials with high volumetric and/or gravimetric hydrogen densities have been studied over the last few years, especially those composed of the lighter elements. The driving force for focus on light elements arises from the United States Department of Energy (US DOE) targets for on-board hydrogen storage as outlined in the article by Sunita Satyapal et al. in this issue. It is important to remember that the DOE targets, 60 gm H 2 /kg system and 45 gm H 2 /L system in 2010 include not just the material, but the entire storage system. The storage system is considered as all storage and hydrogen conditioning components leading up to the fuel cell. 1 Our group and others have been interested in chemical hydrogen storage materials that use the elements nitrogen and boron to chemically bind hydrogen. In these chemical hydrogen storage materials, hydrogen is 'discharged' by a chemical reaction and the hydrogen is 'recharged' by a chemical processing pathway. This makes them unique compared to metal hydride materials or carbon sorbent materials where the hydrogen release and uptake is controlled by temperature and pressure. One compound in particular, ammonia borane (AB = NH 3 BH 3 ) has received significant interest given its stability and commercial availability. Ammonia borane, isoelectronic with ethane, is a solid at room temperature, stable in air and water and contains 190 g/kg (100-140 g/L) hydrogen. Figure 1 shows that if a large portion of the hydrogen can be liberated, AB has a higher gravimetric density than most other reported chemical systems. This capacity coupled with stability has resulted in renewed interest in studying ammonia borane as a hydrogen storage material. While the material would not be regenerated "on-board" it could potentially meet many DOE targets.
Background on Ammonia Borane
The first published research describing the properties of these AB hydrogen rich materials was funded in large part by U.S. government agencies interested in boron-based jet fuels. 2 Ammonia borane was first synthesized and characterized by Sheldon Shore in the 1950s during his thesis research in Richard Parry's lab at the University of Michigan. 3 They performed a series of clever experiments designed to identify the 'mysterious' B 2 N 2 H 6 adduct, the so-called diammoniate of diborane (DADB), formed when ammonia was mixed with diborane. The same adduct appeared to be formed when an ammonium salt was mixed with a metal borohydride in liquid ammonia. Previous work had suggested that the reaction produced an ammonium cation and the corresponding diborane anion [ 
A simple molecular description of NH 3 BH 3 shows that it is a donor-acceptor adduct formed as a result of the dative bond between a Lewis acid (BH 3 ) and a Lewis base (NH 3 ). The compound is a solid at room temperature primarily due to di-hydrogen bonding and dipole-dipole interactions. 6 Though ammonia borane and diammoniate of diborane have the same chemical formula they are very different in stability. Ammonia borane is soluble in ether while the diammoniate of diborane is not. Ammonia borane is not readily hydrolyzed by water while diammoniate of diborane reacts instantaneously with water. Over time solid DADB slowly converts to solid AB at room temperature. Thus AB is more readily applicable than DADB to hydrogen storage for automotive use.
Hydrogen Release Studies
Recent work has shown that NH 3 BH 3 can release more than 2 moles of H 2 with heating to modest temperature. The reactions of hydrogen evolution can be summarized as shown in equations 4 through 7. 
The first two steps, reaction of AB to form PAB, polyaminoborane, (NH 2 BH 2 ) n ; and PAB to form PIB, polyiminoborane (NHBH) n amount to 12 mass% hydrogen. The hydrogen release in these first two steps occurs at temperatures less than 150 °C. At a slightly higher temperature the cross-linking between molecules is observed to release additional hydrogen. These materials are common intermediates used as precursors to boron nitride, which is formed at temperatures much greater than 500 °C. 
Solid State Thermal Decomposition
Geanangel was one of the first researchers to report studies on the thermal dissociation of AB using thermomanometry, pyrolysis, DSC, DTA and TGA in the early to late 1980s.
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The DTA curves showed a sharp endothermic peak beginning at just above 112 °C, which corresponds to the melting point of pure AB (112-114 °C). On further heating thermomanometry showed a sharp pressure rise near 120 °C due to hydrogen evolution. That corresponded to the first exothermic peak in the DTA at 117 °C, which accompanies vigorous decomposition as can be seen by the mass loss in the TGA data. Upon further heating the rate of pressure increase slowed as the hydrogen evolution from the first step reached completion. Continued temperature increase resulted in the release of a second equivalent of H 2 .
In more recent studies, Wolf and co-workers in Freiberg, Germany have revisited the thermal analysis of AB using controlled calorimetric studies to identify the events leading to dehydrogenation and isolation of products obtained in the process. They also explored the effect of experimental conditions such as heating rate and pressure on the thermal decomposition of AB. [7] [8] [9] As expected even high overpressure of hydrogen neither significantly impacted the hydrogen release rate nor the enthalpic parameters during the thermal decomposition since both the transitions (AB PAB and PAB PIB) are exothermic. Furthermore, there was little change in the quantities of volatile products generated. On the other hand, they report that the rate of heating appears to have a measurable impact on the thermal events and the volatile product formation. Higher heating rates resulted in greater quantities of volatile products such as borazine. [7] [8] [9] The formation of volatile products in the absence of subsequent hydrogen purification will be problematic for PEM fuel cells that are easily fouled by contaminants in the hydrogen stream.
Transition Metal Catalyzed Dehydrogenation of Ammonia Borane in Solution
Chandra et al. reported the transition metal catalyzed dehydrogenation of AB under aqueous conditions and suggest that the activation process takes place on the metal catalyst surface. 14, 15 As a plausible mechanism, it is reasonable to consider that there should be interactions between the NH 3 BH 3 molecule and the metal particle surface to form an activated complex which upon attack by a H 2 O molecule readily leads to a concerted dissociation of the B-N bond and hydrolysis of the resulting BH 3 
Dehydrogenation of Ammonia Borane
reported use of molecular complexes of transition metals (e.g. Ir) containing pincer ligands for dehydrogenation at room temperature in just 14 minutes, considerably faster than the previously reported rhodium complexes (dehydrogenation of dimethyl amino borane required 2-4 days at 45 °C). 17 The plausible reason for this difference in rates is homogeneous vs. heterogeneous catalysis wherein the Ir complex catalyzes the dehydrogenation by a homogeneous pathway while the rhodium catalyst undergoes a transformation to a rhodium colloid or cluster. It is interesting to note that most of the product obtained as a result of dehydrogenation is a pentamer having the formula (BH 2 NH 2 ) 5 (Eq. 8). Linehan 17 reported that a Rh catalyst has been shown to release one third of the available H 2 from dimethylamino borane ((CH 3 ) 2 NHBH 3 ) under ambient conditions. It is thus important to not only determine the active form of the catalyst for this reaction but to also understand, in detail, the reaction pathway and kinetics for the amine borane dehydrocoupling. Earlier studies proposed that Rh nanoparticles were the catalytic species as determined from ex situ measurements of the Rh species. X-ray absorption fine structure (XAFS) and NMR demonstrated that nanoparticles are not present during this reaction but rather, small Rh n clusters (n=4-6) are the predominant species during dehydrocoupling. Such in situ techniques probe the catalyst not only in the reaction solvent and at the reaction pressure and temperature, but also while it is undergoing chemical reactions with the reactants in the system. In situ XAFS and NMR are especially useful for following the reaction pathways and kinetics of the reactants, the products and for catalyst characterization (Figure ) . 
Dehydrogenation of Ammonia Borane in Ionic Liquids
Ionic liquids are salts that are liquid at temperatures below 100 °C. These salts have unique properties that make them attractive substitutes for organic solvents in hydrogen storage systems, including: (1) negligible vapor pressures; (2) stable to elevated temperatures; (3) able to dissolve a wide range of compounds and gases; (4) weakly coordinating anions and cations that provide an inert reaction medium which can stabilize polar transition states; and (5) recyclable with little loss of activity.
Bluhm and Sneddon recently reported dehydrogenation of AB in ionic liquids such as 1-butyl-3-methylimidazolium chloride [bmimCl] and compared it to solid-state dehydrogenation. 18 In contrast to the solid-state reaction, ammonia borane dehydrogenation in bmimCl showed no induction period with hydrogen evolution beginning immediately upon placing the sample in the heated oil bath. Separate samples heated for only 1 h at 85, 90, and 95 °C evolved 0.5, 0.8, and 
Solution Phase Thermal Dehydrogenation
The thermal decomposition of ammonia-borane in selected solvents was studied by Geanangel using 11 B NMR at temperatures up to and including reflux in various solvents. Solvents chosen dissolved NH 3 BH 3 to a reasonable concentration and possess boiling temperatures of 80 °C, the lowest temperature at which ammonia-borane decomposes at an acceptable rate.
19 Solvents such as alcohols, which undergo solvolytic reactions with ammonia-borane, were not included in the study. The purpose of the work was to identify solvents and conditions best suited for preparing and carrying out reactions of NH 2 BH 2 generated thermally from ammonia borane. It was hoped that NH 2 BH 2 , which is subject to facile association in the solid phase, would be stabilized sufficiently by solvation to be at least detectable in solution. If not, the quantities of its oligomers detected in the reaction mixtures would indicate the extent of its formation. Three types of reactions were observed: (1) hydrogen-loss decomposition of NH 3 BH 3 leading to cycloborazane(s) and eventually to borazine, (2) base displacement by solvent on NH 3 BH 3 giving a solvent-borane adduct, and (3) reaction with the solvent leading to products consistent with a hydroboration pathway. The etheral solvents glyme, diglyme, tetrahydrofuran and 2-methyltetrahydrofuran gave mainly products suggesting hydrogen-loss decomposition of NH 3 BH 3 .
Dehydrogenation of Ammonia Borane
Nanophase Ammonia Borane in Mesoporous SBA-15
Gutowska reported the preparation of nanophase AB by incorporating AB into the channels of mesoporous silica SBA-15 ( Figure ) . 20 This resulted in significantly different behavior lowering the dehydrogenation temperature from 114 °C to 85 °C accompanied by a relatively low exothermicity. The two other notable effects resulting from the nanostructure of AB in the SBA-15 scaffold include: 1) the temperature threshold for H 2 release (m/e=2) being notably lower than the temperature threshold for neat AB indicative of an enhanced rate of H 2 release; and 2) the yield of the borazine side product (m/e=80) is significantly lower than for neat AB. Figure 5 shows the effect of mesoporous silica encapsulation on thermodynamics of ammonia borane. Solid-state 11 B NMR spectroscopy was used to analyze the nonvolatile products from neat AB and AB:SBA-15 to see if the borazine became entrapped within the mesoporous scaffold. However, no 11 B signal for borazine was observed. Because borazine is not observed as a volatile product in the TPD/MS experiment, and not detected by solid-state NMR spectroscopy, the mesoporous scaffold appears to affect the decomposition pathways of AB that lead to hydrogen formation. 
Summary
While ammonia borane looks promising for hydrogen storage, given the volumetric and gravimetric density of hydrogen in the material, there are still technical challenges to be addressed. Foremost of these challenges are (1) enhancing the rates of hydrogen release and (2) the discovery of economical chemical processing pathways that will be used to put the hydrogen back on to the dehydrogenated materials. Our group is currently focusing on these technical challenges. .98.5 61-5G 61-5G 
Ammonia Borane-Based Hydrogen Storage-Dehydrogenation Media and Catalysts

Introduction
To meet current DOE targets outlined in the article by S. Satyapal et al. in this issue, the materials for hydrogen storage should possess high hydrogen content, low heats of dehydrogenation (to minimize the energy penalty), and fast kinetics of hydrogen desorption at operation temperatures of a PEM fuel cell (80-120 °C). Of the number of different options being considered, solid metal hydrides that reversibly desorb large amounts of hydrogen are extremely attractive as base materials for hydrogen storage due to process simplicity, low operation pressures, and relatively low cost.
Early work in the area of hydrogen storage concentrated on intermetallic hydrides like LaNi 5 and TiFe, which showed very good sorption/desorption kinetics but had low hydrogen storage capacities (below 2% of hydrogen by weight). Numerous attempts to increase their capacity and keep good kinetics by making polymetallic compositions with lightweight metals were unsuccessful.
A subsequent wave of research interest was aimed at sodium aluminum hydride (or alumohydride, or alanate), NaAlH 4 , after Bogdanovič found that titanium catalysts decrease the desorption temperature of NaAlH 4 and make this process reversible. 1 This work showed that complex metal hydrides might be used as reversible hydrogen storage materials. However, relatively low capacities of complex metal alumohydrides, except LiAlH 4 (10.5%), and complexity of their decomposition constitute a serious problem to be resolved before their commercialization. Aluminum hydride AlH 3 , which contains 10 wt. % of hydrogen, smoothly decomposes in one step at moderate temperature but can be regenerated only at very high pressure (24 Kbar). 2 Complex metal borohydrides M(BH 4 ) n with their high hydrogen content (Table 1 ) and the potential to meet DOE targets are of growing interest. Their synthesis and properties related to hydrogen storage are briefly discussed below.
General Synthetic Methods
The first metal borohydride, LiBH 4 , was synthesized by Schlesinger and Brown more than 65 years ago using the reaction of ethyllithium with diborane. 18 Although discovered at about the same time, the synthesis of sodium borohydride, NaBH 4 , was reported much later.
19 NaBH 4 is the most widely commercially produced borohydride and is used in the paper and textile industries, and as a reducing agent in organic synthesis. 20 It is also a commonly used starting material for synthesis of other metal borohydrides.
The direct synthesis from the elements at elevated pressure and temperature was claimed for borohydrides of Li, Na, K, Mg, and Ba. 21 In practice only indirect methods are used for synthesis of metal borohydrides.
Four general methods are used for the preparation of metal borohydrides: i) addition of diborane, B 2 H 6 , to metal hydrides, ii) reaction of B 2 H 6 with metal alkyls or metal alkoxides, iii) reaction of metal hydrides with boron compounds, and iv) exchange reaction between metal borohydrides and other metals salts, mostly halides. Historically, reactions based on the use of diborane were employed first. If the metal hydride 
Metal Borohydrides as Hydrogen Storage Materials
The toxicity, high flammability, and low thermal stability of diborane make processes based on Eqs. 
The exchange reaction (Eq. 6) is a common method for the preparation of binary metal borohydrides M(BH 4 ) n as well as multiple metal borohydride complexes stabilized by donor ligands.
Li or Na borohydrides are usually used as a source of BH 4 group but borohydrides of other metals (K, Ca, Al) can also be used. This reaction usually takes place in donor solvents (ethers, amines), where one or both reagents are soluble but one of the reaction products, usually an alkali metal chloride, is not. Metal borohydrides are isolated from solution as solvates with one or more molecules of the solvent. Therefore, this process requires an additional desolvation step. However, thermal desolvation, often in vacuum, in some cases can lead to the decomposition of M(BH 4 ) n with H 2 evolution preceding the desolvation point. In such cases, unsolvated borohydrides can be prepared by mechanochemical exchange reactions (e.g. using ballmilling); see also the article by V. Balema in this issue. This method is very convenient for volatile borohydrides, such as those of Be, Al, and Zr, which can be isolated by distillation or sublimation. 23 However, for nonvolatile M(BH 4 ) n the removal of the M'X byproduct is very difficult.
Synthesis and Properties of Some Metal Borohydrides
Lithium borohydride LiBH (Aldrich Prod. No. 56) has been prepared using all of the previously described synthetic methods. Probably, the most practical one is the exchange reaction of LiCl with NaBH 4 in isopropylamine.
LiBH 4 is a white solid with density of 0.68 g/cm 3 . It exists in two crystal modifications (orthorhombic transforms to tetragonal at 108 °C) and melts at 278 °C. It reacts violently with water to produce H 2 but relatively stable in dry air.
Decomposition of liquid LiBH 4 with hydrogen evolution starts at 320-380 °C (470 °C under 10 atm H 2 pressure) 3 . In earlier work it had been reported that during the decomposition only 50% of hydrogen was released and an unidentified phase "LiBH 2 " formed. 18 In later work it was reported that the LiBH 4 decomposition liberates ~80% of total hydrogen at ambient pressure 24 
Because of the potential use of NaBH 4 for hydrogen generation by catalytic hydrolysis, its regeneration from the borate NaBO 2 is being studied intensively. An analysis of the thermodynamics of more than 30 reactions leading to NaBH 4 showed that the use of calcium hydride (Eq. 10) for this purpose is the most favorable approach. Aluminum borohydride Al(BH ) was first prepared by reaction of trimethylaluminum with diborane, 18 but the mechanochemical exchange reaction of AlCl 3 and NaBH 4 followed by vacuum distillation of the target product into cooled traps is much more practical.
37 Al(BH 4 ) 3 is a liquid (m.p. -64 °C) and its structure was determined by low temperature single crystal X-ray diffraction. 38 Both modifications (phase transformation temperature is about 180 K) are built of discrete molecular units with similar geometry: the aluminum atom surrounded by three bidentate BH 4 -groups with AlH 2 B planes perpendicular to the AlB 3 plane.
Decomposition of Al(BH 4 ) 3 starts at 150 °C and has a first order kinetics that is not affected by the presence of hydrogen.
14 Calculated heat of formation is estimated as -5.5 kJ/mol H 2 with the zero-point energy correction.
13
Scandium borohydride Sc(BH )
. Surprisingly little is known about scandium borohydride Sc(BH 4 ) 3 . Solvates Sc(BH 4 ) 3 ·2THF and Sc(BH 4 ) 3 ·DME are known but these complexes can not be desolvated. Ball-milling of ScCl 3 and LiBH 4 yields an amorphous product with n(B-H) vibration in the range 2200-2500 cm -1 in the Raman spectrum. 15 The decomposition of this product starts above 150 °C and has a maximum at ~260 °C. 17 The only crystalline phase in this product is ZrB 2 , therefore the rest is probably amorphous boron. The difference in the B:Zr ratio in starting material and products points to the possible evolution of diborane during pyrolysis.
Thermodynamic Properties of Metal Borohydrides
The heat of dehydrogenation (or reverse reaction of hydrogenation) is a very important parameter of hydrogen storage materials. It is desirable that this value is about 40 kJ/mol H 2 to provide a reasonable part of lower heating value (LHV), and a reasonable equilibrium hydrogen pressure at 80-120 °C. Despite the long history of metal borohydrides, only a few data on their thermodynamic properties has been published in the open literature. 8 Direct calorimetric measurements of very reactive and volatile compounds are very challenging. Therefore, calculation of thermodynamic characteristics of metal borohydrides using density functional theory (DFT) became a common practice. These calculations have a good correlation with experimental data only if the crystal structure of compounds is known (including coordinates of hydrogen atoms). It should be noted that standard enthalpy of formation (reverse of reaction 14) and enthalpy of dehydrogenation (ΔH des ) may not have the same absolute value because dehydrogenation of M(BH 4 ) n may occur with the formation of the corresponding metal hydride or/and boride (compare Eqs. 7, 12 and 14). Known data on enthalpies of decomposition of M(BH 4 ) n are given in Table 1 . It was proposed that there is a linear relationship between heat of formation of M(BH 4 ) n and electronegativity of the metal. 15 There is also an almost linear correlation between desorption temperature and estimated ΔH des . 15 M(BH 4 ) n M + nB + 2n H 2 (14) A very promising concept of destabilization of metal borohydrides using the formation of metal borides was suggested by Vajo et al. 5 The concept is based on the use of stable borides (MgB 2 
Metal Borohydrides as Hydrogen Storage Materials
The following major challenges in the chemistry of M(BH 4 ) n must be solved before their commercial use as hydrogen storage materials: high temperature of dehydrogenation, lack of reversibility of the dehydrogenation reaction, slow kinetics of dehydrogenation and hydrogenation, evolution of diborane during dehydrogenation, and, finally, high cost of borohydrides. Taking into account these considerations and hydrogen content, the most promising materials for hydrogen storage are borohydrides of lithium, magnesium, and calcium and their compositions. At first sight, Ca(BH 4 ) 2 has low gravimetric hydrogen storage capacity, but its volumetric capacity is higher than that of LiBH 4 and comparable with Mg(BH 4 ) 2 (Table 1 ).
It was found that mixing LiBH 4 with silica powder (3:1) substantially decreased its decomposition temperature. 25 In this case hydrogen release starts at 200 °C and occurs in two steps with a maximum at 320 °C (broad desorption peak) and 453 °C (sharp peak). The mechanism of such catalytic action is presently unclear. As mentioned above, destabilization of M(BH 4 ) n due to boride formation substantially decreases decomposition position temperature. However, the observed temperature decrease is noticeably lower than that predicted by thermodynamics (Table 1) . Probably, the kinetics of metal boride formation is slow and dehydrogenation occurs by parallel pathways with formation of both metal boride and elemental boron.
Borohydride formation by reaction of hydrogen with boron and hydrides of Li, Na, Mg, and Ba at 600-700 °C was described in patent literature. 21 Reaction with LiH requires 150 bar H 2 while in the case of MgH 2 a much higher pressure (800 bar) is needed. The use of MgB 2 (instead of B) with LiH decreases the hydrogenation pressure and temperature to 100 bar and 300 °C, respectively.
5 Hydrogenation of the mixtures of MgB 2 with hydrides of sodium and calcium allowed synthesis of NaBH 4 and Ca(BH 4 ) 2 at 200 bar and 300 °C. 4 Reaction time is rather long (24 h) even at 350 bar and 400 °C.
It should be noted that effective catalysts of dehydrogenation/ hydrogenation of metal borohydrides, like titanium catalysts for NaAlH 4 Moreover, it became evident that numerous chemical reactions in metal-aluminum or boron-hydrogen systems do not, in fact, require a liquid phase and can be successfully run under solvent-free conditions (Eqs. [1] [2] [3] [4] [5] [6] Along with fundamental studies into the solid-state reactivity of metal and boron hydrides, solvent-free mechanochemistry has been successfully used in the preparation of binary and complex metal hydrides (Eqs. 9-12) as well as low molecular weight gases such as the extremely toxic diborane (Eq. 13). The latter can also form as a by-product in other mechanically induced processes involving alkali metal borohydrides and transition metal salts 14 (for more examples see the article by G. Soloveichik on page 11).
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Introduction
Storing hydrogen in solids-hydrides, composite materials or metal-organic frameworks-offers a unique opportunity for its convenient and safe use in automotive, portable and other applications. Unfortunately, none of the materials currently on the market satisfy the needs of end users, which explains the growing interest and investments into hydrogen storage related research and development. 1, 2 Throughout this issue, leading experts in the field discuss recent experimental results and ideas associated with hydrogen storage applications. Complementing these reports, the article below addresses an experimental approach, which proved to be indispensable in basic and applied hydrogen storage R&D 2 -the preparation and modification of hydrogen rich molecular and ionic materials using high-energy mechanical milling.
Mechanically Induced Conversion of Metal Hydrides
Although mechanical milling has been routinely used in processing of solids for hundreds of years, systematic studies into its chemical effects began relatively recently. 3 By the end of 20th century, mechanical processing by milling, also known as mechanical alloying or mechanochemistry, matured into an experimental technique routinely used in the preparation of metal alloys, ceramics and composites. 4 It has also become indispensable for the preparation and processing of hydrogenrich solids, including metal hydrides. 2, 4 Usually, mechanochemical experiments are carried out in a planetary or vibro-mill in a tightly sealed container (Figure 1 ) that can be loaded and unloaded under inert gas in a glove box.
In a typical procedure, pure solids or mixtures are charged into a milling vial and ball-milled for a defined period of time. The material is then recovered from the vial and investigated using an appropriate solid-state analytical technique such as x-ray or neutron diffraction, magic angle spinning solid-state nuclear magnetic resonance (MAS NMR), IR-or UV-spectroscopy, thermal analysis, and others. It is worth noting that MAS NMR has recently proven to be particularly efficient in monitoring chemical processes in metal hydrides 5, 6 and other solids. 
Metal Hydrides
Use of the mechanochemical technique enabled the discovery of chemical processes that can take place in metal hydrides in the solid state. It turns out that solid-state chemistry of aluminum-and boron-based hydrides is quite as rich as their chemistry in solution. For example, ball milling of alkali metal aluminohydrides with binary alkali metal hydrides allows for a convenient preparation of hexahydroaluminates, which are hardly accessible through the wet-chemistry synthetic routes. 14 A number of other mechanically induced transformations involving metal alloys, amides, nitrides, and nano-materials has been published during the last decade. Due to the limited size of this publication, they will be discussed in the future.
Mechanical Processing in Hydrogen Storage
Mechanism of Mechanochemical Reactions
Even a brief glimpse at the previous paragraphs is sufficient to realize the extreme diversity and complexity of solid-state processes that can occur in a crystalline solid trapped between steel or ceramic balls, colliding in a tightly-closed vial. Indeed, high-energy ball-milling brings about a broad variety of defects including cracks, pores, dislocations, vacancies, new surfaces, grain, twin boundaries, and others. Prolonged milling can also destroy crystallinity of the material leading to its complete or partial amorphization. 23 Changes in a solid crystalline material under mechanical stress start with its elastic deformation, which disappears once the load is lifted. If, however, the load increases, the elastic deformation transforms into an irreversible plastic deformation, which is followed by the fracture and/or amorphization of the material. Plastic deformations normally occur under shear stress, parallel to the face of the material, as opposed to brittle fractures that take place under normal stress perpendicular to the face (Figure ) . Thus, physicochemical effects of mechanical milling include breaking crystallinity, creating new surfaces, and mass transfer (mixing).
The constant formation of a new surface and mass transfer are major factors responsible for the enhanced reactivity of metals toward hydrogen under ball-milling (Eq. 9). At the same time, these effects cannot be solely responsible for solid-to-solid reactions discussed previously as well as for the transformations in other molecular and ionic solids shown in Figure . 
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ball-milling (C 6 H 5 ) 3 P CH 2 R X K 2 CO 3 + (C 6 H 5 ) 3 These studies revealed that mechanochemical reactions in molecular and ionic solids are not temperature-driven processes. In a number of cases, the temperature increase in the material during milling is well below their melting or decomposition points. [24] [25] [26] In addition, the theoretical analysis of a ball-milling process in a commercial Spex-type shaker mill revealed a moderate temperature effect (~60 °C). According to the same study, the pressure generated in the solid, trapped between two colliding balls, can rise as high as several GPa, 27,28 thus facilitating genuine ultra-high pressure activated processes. 29 Some additional insight into the nature of mechanically induced chemical reactions is provided by the photochemical dimerization of anthracene (Figure ) . It occurs readily in solution but does not take place in the solid state because of the unfavorable orientation of anthracene molecules in the crystal. No photochemical reaction is observed when crystalline anthracene is subjected to high hydrostatic pressure up to 10 GPa. However, once external pressure is combined with a shear stress, the photochemical reaction becomes possible. Apparently, the high pressure combined with the shear stress not only reduces the distance between molecules but also changes their orientation in the solid, thus making the reaction possible.
30,31
No Reaction 
Mechanical Processing in H 2 Storage
In conclusion, mechanochemistry has proven to be an extremely useful tool for the preparation of novel materials as well as for the investigation of chemical transformations that can take place in solids under solvent-free conditions. Although the exact mechanism of mechanochemical phenomena should be determined on a case-by-case basis, it appears
Research Kits for Hydrogen Storage Applications
Sigma-Aldrich has assembled groupings of products for hydrogen storage applications to assist you in designing researchscale experiments. These "virtual kits" are offered at a special group price. For ease of ordering, simply request these product groupings by the designated kit number. Please note that the components assigned to each of these "virtual kits" will be delivered as separate units.* They may also be ordered separately using the component Prod. No. as your needs require.
Hydrogen Storage Materials for Research-68609-1KT*
The materials for hydrogen storage research listed below are offered as 10 g units. Hydrogen content, XRD plots and metal purity data are available for all components. 
Introduction
Hydrogen storage materials are being considered for safe on-board vehicle storage of H 2 gas used to power proton exchange membrane fuel cells. There are various methods for storing hydrogen, 1 which include high pressure storage in aluminum containers, 2 chemisorbed onto metal hydrides 3 and physisorbed onto carbon-based materials. 4 Metal hydrides are viewed as one of the most feasible storage method because they are low volume containment vehicles for H 2 gas, and they show promise for H 2 desorption under mild conditions. Our research impacts on the hydrogen energy economy through the development of "smart" nanofilms for the protection of metal hydrides against air and moisture, while permitting release of hydrogen gas through these semi permeable nanofilms. Future generations of these films may have catalytic metals-known to enhance the dehydrogenation reaction 6 -embedded within for the purpose of controlled release of catalyst to the hydride particle surface. Our nanofilms for encapsulating metal hydrides are layer-bylayer electrostatic self-assembled films.
Layer-by-layer thin films are comprised of polyelectrolyte layers each on the order of 2 nm thickness. 7, 8 The layer-by-layer self-assembly technique can be used to deposit conformal, multilayer nanofilms onto planar surfaces and colloidal particles. Film growth is made possible by coulumbic attraction between the polycation and the polyanion at the surface to be coated. The working medium for self-assembly is typically water or acetone-water mixtures. 9 However, water as a solvent cannot be used to coat the water-sensitive metal hydrides. For metal hydrides, pure formamide was used as a solvent for the self-assembly of films.
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Nanoarchitecture of Protective Coatings for Air Sensitive Metal Hydrides
Layer-by-Layer Self-Assembly
Layer-by-layer electrostatic self-assembly coating of nanofilms was performed onto sodium aluminum hydride powders using formamide as the working medium. Figure 1 shows schematically the layer-by-layer self-assembly of PSS and PAH films over sodium aluminum hydride. For deposition onto colloidal sodium aluminum hydride, the powders were suspended in formamide using concentrations of 20 mg/mL. For self-assembly, PSS and PAH in concentrations of 2 mg/mL were added to the colloidal suspension in the following manner. The surface charge on bare sodium aluminum hydride in formamide is positive. Thus, sodium aluminum hydride particles contained in formamide suspension were first exposed to the polyanion (PSS) for a period of fifteen minutes and subsequently to the polycations (PAH) for a period of fifteen minutes. After each exposure (and deposition of each film layer), the particles were removed from suspension by centrifugation and rinsed in formamide for a period of fifteen minutes. Zeta potential (Zetaplus, BIC) measurements were taken to observe the alternation in the surface charge after each polyelectrolyte exposure and formamide rinse. Figure shows schematically the process steps in the layer-by-layer self-assembly approach used. The processing steps were repeated until two bilayers of PSS and PAH (4 layers in total) overlaid the sodium aluminum hydride particle surface.
Protective Nanocoatings for Metal Hydrides
Figure . The process of coating "smart" nanofilms onto sodium aluminum hydride.
One key indicator of the successful layering of alternately charged polyelectrolytes over colloidal particle surfaces during layer-by-layer self-assembly is the measured alternation in surface charge gained using zeta potential measurement (Zetaplus, BIC). Figure shows this surface charge reversal after each polyelectrolyte layer was deposited over sodium aluminum hydride. The surface charge measurements were taken after the formamide rinse step of our process. PSS is the polyanion and results in a zeta potential reading of a -60 mV after its first layering. PAH is the polycation resulting in a zeta potential reading of +16 mV after its first layering. The second bilayer comprised of PSS followed by PAH read surface charges of -75 mV and +16 mV, respectively.
An additional feature of the layer-by-layer self-assembly technique is its versatility in controlling total thickness of polyelectrolyte layers for the variety of polyelectrolytes that may be deposited over planar and colloidal particle surfaces. Inorganic clay flakes and nanoparticles of silica and titania may also be deposited over colloidal particles using layerby-layer self-assembly. Our own work explores the versatility of the layer-by-layer technique in order to develop films of a protective nature and having the ability to prevent air and moisture from interacting with the reactive metal hydridesthereby improving shelf life of these materials. 
Protective Films Over Hydrides
The sodium aluminum hydride particles with two bilayers of PSS/PAH were carefully dried and imaged using an FESEM with energy dispersive spectroscopy (EDS) capabilities. The SEM image in Figure (left) shows a single sodium aluminum hydride particle having PSS/PAH overlay films. Energy dispersive x-ray mapping of carbon (Figure 4 , right) reveals the conformal coverage of the polymeric films over the sodium aluminum hydride particle. In order to confirm that no reaction between the sodium aluminum hydride particles and the formamide working solvent had occurred, x-ray diffraction (XRD) of bare sodium aluminum hydride particles after a 24-hour soak in formamide was measured. Figure 5 shows clearly that NaAlH 4 crystallographic peaks are consistent with the NaAlH 4 (indicated by red markers). Minor peaks occurring below 2u=28° are from kapton tape used for protecting the sodium aluminum hydride during XRD measurement. Thus highly reactive and corrosive hydrides can be protected from air and moisture by encapsulating them within smart polyelectrolyte films. Figure 6a clearly shows complete and even coverage of PSS and PAH films (deposited onto planar surfaces from an aqueous working solvent). These films have surface defects due to inclusions of dust particles that may be removed from the solvents by submicron filtration. Studies to test the stability and permeability of PSS and PAH films to the gases H 2 , O 2 , and H 2 O are underway and preliminary results are encouraging.
Protective Nanocoatings for Metal Hydrides 
Future Outlook
Pure organic polymer films may not form very tight packing, so an alternative to forming air impermeable films is to introduce inorganic particles within the overlay films. Low permeability films over colloidal particles may be prepared from nanomaterials such as Montmorillonite clay flakes and inorganic TiO 2 and SiO 2 nanoparticles.
Clay Coating
Montmorillonite clay flakes of 1 nm thick and 500 nm crosssections can be used to coat air and moisture sensitive metal hydrides. Figure 6b shows montmorillonite (negative surface charge) assembled through alternation with a polycation (PAH) providing a bilayer of 3.2 nm onto a Si substrate. 11, 12 Using montmorillonite clay flakes, one can build a very tight organicinorganic multilayer network. These clay/PAH films (Figure 6b ) appear to be free of surface defects-compared with PSS/PAH films (Figure 6a ). The internal structure of these multilayer films resembles paper mache-where gas diffusion may occur only by percolation through pores created by packing defects. Generally, such multilayers have a much lower permeability than organic films. The possibility for tunable permeability by controlling packing defects through varying self-assembly conditions is promising.
Nanoparticle Coating
Water-sensitive metal hydrides may also be coated with inorganic nanoparticles in alternation with organic polymer films. Figure 7 demonstrates the coating of a 250 nm colloidal latex particle with 40 nm silica particles assembled in alternation with PSS/PAH. 13 The bare colloidal latex particle and the silica coated latex particle are shown in Figure 7 . The protective nature of such films is demonstrated by the ability of a similarly architectured film to stabilize nifedipine from photoreaction. Figure 7 . 250 nm diameter bare latex particle (left) and covered with 40-nm silica particle shell (PAH/PSS/PAH/silica) (right). For details visit sigma-aldrich.com/hydrogen.
Metal Hydrides for Hydrogen Storage Applications
Protective Nanocoatings for Metal Hydrides
Introduction
There has been considerable discussion about the Hydrogen Economy and its promise of cars and trucks with clean burning internal combustion engines and highly-efficient fuel cells. California, 1-3 Iceland 4-6 and Norway 7-9 have all made commitments to Hydrogen Highways where hydrogen fueling stations will be available for the cars of tomorrow.
Unlike gasoline, hydrogen is abundant in the universe and can be generated from renewable sources of energy. However, hydrogen is the lightest element in the universe and has a low density, which makes it difficult to store and transport without bulky, heavy equipment. This is why the storage and transportation of hydrogen has been identified as the biggest challenge to establishing the Hydrogen Economy.
A number of key issues must be addressed to make this future a reality: sources of inexpensive hydrogen must be found, fuel cell technology must advance in capability and decrease in cost, and methods must be developed to efficiently store and transport hydrogen. Currently available methods for storing and delivering hydrogen fuel include compressed hydrogen, liquefied hydrogen, physical metal hydride storage, chemical hydride storage, 10-11 nanotube storage, 12-13 among others. Compressed and liquefied storage are primarily limited by costs. Methods needed to compress the hydrogen, as well as the large heavy tanks required to store the compressed/ liquefied hydrogen add significantly to the cost. Additionally, these tanks pose a risk of explosion when positioned on-board of a moving vehicle. Hydride storage in metal hydrides is promising, but current methods are still expensive and heavy. 14 Another alternative is to store hydrogen covalently in organic molecules. The advantage of storing hydrogen covalently as part of a molecule in comparison with physical trapping of hydrogen gas in a substrate is that the system does not require compression or cryogenic temperatures. An ideal solution would be the development of a liquid carrier. Such a liquid carrier for hydrogen would minimize the need for infrastructure changes, and eliminate the need for large, specialized storage containers. Furthermore, the world is accustomed to dealing with liquid fuel so adopting a new type of liquid fuel would be much easier than making major infrastructure and societal changes within the fuel industry.
*This paper addresses a new promising alternative for hydrogen storage and transportation: hydrogen stored covalently in an organic liquid carrier and released by interaction with a heated catalyst.
A Liquid Fuel for Hydrogen Storage
Asemblon, Inc. has developed a proprietary system for storing hydrogen. Asemblon's first United States patent will issue shortly. The Asemblon System consists of four components which are outlined in This fuel can be made from a variety of initial feed stocks including sweet and sour crude oil, and alcohols, including ethanol from biomass. Ethanol could be a primary source of this fuel with an estimated increase of only 10% to the cost of an ethanol production facility.
After releasing its hydrogen the spent fuel can be recycled by rehydrogenation back to the original molecule. During use, this fuel is kept in a dual-bladder gas tank either on-board of a vehicle or at a stationary site.
() Hydrogen Release Module
Inside the Hydrogen Release Module (HRM), the fuel comes in contact with a hot, high surface area catalyst and instantly releases hydrogen from the fuel and produces the dehydrogenated organic liquid (DOL). The key to success in the HRM is the high surface area and stability of the catalyst. Asemblon has discovered and patented the right catalyst for this operation. To achieve the high surface area, Asemblon has developed several prototypes of hydrogen release units consisting of microchannels, packed bed made out of embedded nano-size catalysts on porous substrates and nanosprings. 
Introducing HYDRNOL ™ : Organic Liquid Storage for Hydrogen
Organic Liquid Storage of Hydrogen *Others have proposed using carbazoles 15 for hydrogen storage in organic molecules.
() Spent Fuel Recovery Module
After the release of hydrogen, the DOL and hydrogen go into a spent fuel recovery module. Hydrogen gas and DOL are easily separated by their physical properties. If necessary, the hydrogen gas can be passed through a membrane for further purification. The separated hydrogen can then be directed to power internal combustion engines, turbines or fuel cells. The DOL from the spent fuel recovery module is directed to the dual-bladder gas tank where it is stored until it can be removed and transported to a remote site for catalytic hydrogenation.
() Hydrogenation Module
In the hydrogenation module, hydrogen is added to DOL to regenerate the original fuel. The art and chemistry of catalytic hydrogenation is well known. Asemblon is working with the experts in this field to find the best catalyst and its optimum condition to re-hydrogenate at high yield.
A "Well-to-Wheels" estimate for Asemblon's system is shown in Figure . This "Well-to-Wheels" estimate was done by considering the major energy inputs and outputs for HYDRNOL ™ fuel from creation to use. The data in Figure 3 assume the hydrogen will be used in an internal combustion engine and shows an overall efficiency of 25%. This is significantly higher than the estimated efficiency of gasoline (14%). 16 If a fuel cell were used the efficiency would increase even more. 
A Comparison of On-Board Hydrogen Storage Systems
The graphs in Figure compare four technologies for on-board vehicle storage of hydrogen. HYDRNOL ™ compares favorably with compressed hydrogen, liquid hydrogen and hydrogen stored in metal hydrides on the basis of volume, weight and cost.
Not included in the cost factors are the much higher infrastructure costs associated with transporting and storing compressed and liquid hydrogen. Liquid hydrogen fueling is considered to be potentially dangerous, so expensive filling robots have been designed to eliminate the need for the consumer to fill the vehicle.
Generating hydrogen by steam methane reforming is relatively inexpensive. One kilogram of hydrogen currently costs $1.20. The same 1 kg of H 2 is equivalent to 1 gallon of gasoline. The cost to store and transport hydrogen more than triples its cost. Using HYDRNOL ™ Fuel, 1 kg of hydrogen can be delivered for $2.50; comparable to gasoline (Figure 5 ).
Conclusion
The ability to store and transport hydrogen within a liquid carrier at standard temperatures and pressures provides many advantages over current hydrogen storage methods. The need for large, heavy storage tanks is eliminated. Major changes in the fueling infrastructure of the world are avoided. The risk for explosion is minimized since the hydrogen is stored within a molecule and not in its elemental form. HYDRNOL ™ is such a liquid fuel. Due to the favorable properties, HYDRNOL ™ presents opportunities not only in the transportation energy market, but also in stationary power generation and storage. The further development of HYDRNOL ™ promises to revolutionize the future of energy storage, transportation and use. ™ as a carrier for hydrogen presents many advantages including:
1. Less flammable than gasoline or diesel 2. Can be stored at room temperature and normal atmospheric pressure 3. Can be converted on-board a vehicle as needed 4. Released hydrogen can be used for internal combustion engines and fuel cells 5. HYDRNOL ™ can be shipped by standard methods 6. Current fueling infrastructure could be readily adapted for HYDRNOL ™ use 7. Residuals can be recycled back to HYDRNOL ™ by hydrogenation after use 8. Can be made from fossil fuels, refining waste and sour crude 9. Can be made from biomass via ethanol 10. Is not anticipated to have a significant environmental impact 11. Is cost effective when compared to traditional fuels 12. Can be used as a storage conversion device for electricity 
Organic Liquid Storage of Hydrogen
Introduction
Gas sorption analysis is important in many fields of materials science and consumer product development. Some examples of current hot areas of technology involving gas-solid (or gasliquid) interactions include the development of energy storage materials, improved catalysts for petrochemical processing, advanced pharmaceuticals and food industries.
At present, there is tremendous interest in the development of innovative materials for the transition to renewable energy. The science of gas sorption has become particularly critical in the advancement of materials for storing fuel gases such as hydrogen or natural gas, as well as for sequestration of greenhouse gases. Some exciting prospects for the chemical storage of gases include high-surface area and nanomaterials (graphitic carbons, CNT, zeolites, Metal-Organic-Framework MOFs). 1 In the field of hydrogen-storage, a host of novel materials are being developed including high-pressure metalhydrides, light-weight complex hydrides, destabilized multicomponent chemical hydrides and amides, and other crossover materials such as ammonia borane encapsulated into mesoporous silica scaffolding. 2 Of prime interest in the discovery of these and many other new materials is the characterization of gas absorption, adsorption and desorption kinetics, capacity, thermodynamic properties, as well as cycling performance of reversible materials. Also important is the ability to measure the tolerance of catalyst, chemicals, and consumer products to air, moisture and low-level contaminants. These wide-ranging requirements and the need to perform analysis at both a research and a production level (milligrams to kilograms) have driven the development of the PCTPro-2000, the ultimate tool for gas sorption analysis.
Careful analysis of physical and chemical interactions between gases and solids (or liquids) require extremely precise measurements. Several techniques are employed for gas sorption measurements the most common of these being gravimetric and volumetric methods. In volumetric methods the amount of gas sorbed is typically determined by a change in pressure within a calibrated volume containing the sample. In gravimetric methods, the amount of sorbed gas is determined by measuring the apparent mass change of the sample. In volumetric methods, the amount of gas sorbed is typically determined by a change in pressure within a calibrated volume containing the sample. We believe the volumetric method offers several distinct advantages over the gravimetric method, and of the volumetric instruments available, the PCTPro-2000 offers the best state-of-the-art measurements.
The Volumetric Method
One of the most common and versatile types of volumetric instruments is the Sieverts Apparatus. Simply put, a Sieverts Apparatus is an instrument containing two reservoirs of known volume connected by an isolation valve, as shown in Figure 1 . The sample for measurement is loaded into the sample volume and the initial pressure reading is taken. For absorption the reservoir is filled with the sorption gas to a predetermined pressure above that of the initial pressure in the sample volume. The isolation valve between the two volumes is opened and the gas is allowed to equilibrate between the reservoir and sample volume. By knowing the initial gas pressures and the volumes of the system, the quantities of absorbed or desorbed gas can be determined. By applying the Sievert's approach to a system using a wide range of calibrated volumes, advanced pressure control, pressure measurements, and temperature control, it is possible to make a full suite of analyses with one device. Such analyses include:
Capacity
The total amount of gas absorbed or desorbed by a sample is pressure and temperature dependent and therefore requires precise measurements of both. In the volumetric method, capacity is directly related to pressure change. Small amounts of impurities in the test gas may be strongly absorbed by the sample. This can be very problematic in gravimetric methods as this uptake can cause significant weight change that might be misinterpreted. In the volumetric method, low levels of impurities may impact the performance of the material, but will not produce significant pressure changes.
Kinetics
Kinetics consists of the dynamic measurement of the change in moles of sorbed gas versus time. An advanced sorption analyzer should consist of multiple reservoirs with a wide range of volumes to match sample size and a wide range of sorption conditions associated with each different type of material. Additionally, sorption reactions generally involve significant endothermic or exothermic reactions. Heat transfer from the sample is a critical aspect of proper kinetics measurements. In a gravimetric instrument the sample is suspended from a microbalance that does not allow direct contact of temperature measuring probes or provide good heat transfer, limiting its usefulness.
The PCTPro-2000-The Ultimate Tool for Gas Sorption Analysis
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Pressure-Composition Isotherms
Pressure-Composition Isotherms (PCT or PCI) is one of the most informative sorption measurements. The result is a plot of the equilibrium absorbed gas concentration in the material as a function of pressure and temperature.
The volumetric approach to PCI measurements consists of adding (or removing) gas to the sample volume in a small dose from one of the calibrated reservoirs and waiting for the resulting gas/solid equilibrium. The PCI curve is produced from the concentration of gas sorbed and the final pressure of each dose in a series of many doses that either increase (absorption) or decrease (desorption) in pressure. This is essentially a gas titration process.
The PCI plot will typically show an equilibrium plateau associated with the co-existence of the remaining unreacted material and the gas-reacted material, thus providing a complete phase diagram. For example, metal hydride materials that reversibly react with hydrogen show a well-defined plateau between the solid solution a-phase, where hydrogen is randomly dissolved within the solid matrix, and the b-phase, where hydrogen is in distinct structural sites and has bonded to the host solid material. 3 In addition, precise dosing PCI measurements can provide detailed information on the presence of crystal structure changes, new phases and sorption kinetics as a function of gas concentration.
The PCTPro-2000 makes these measurements easy and has been used extensively in research on complex hydrides such as Ti-catalyzed alanates. Work by researchers at the Max Planck Institute for Coal Research in Germany, investigated the kinetic and thermodynamic effects of varying doping levels of Ti on NaAlH 4 . 4 Figure shows a 160 °C PCT curves for 6 different mole-% doping levels of Ti. With the PCTPro-2000, each gas dose can be chosen to be equi-molar and range from extremely small to very large doses (0.1 micro-mole to 10 moles of gas). Now, thanks to the MicroDoser attachment for the PCTPro-2000, it is also possible to extend the full suite of measurement capabilities from very small samples down to milligrams, previously the one real advantage of the gravimetric instruments.
Thermodynamic measurements
The enthalpy and entropy of sorption can be precisely determined by a series of PCI measurements at different temperatures. This results in the van't Hoff relationship:
where P is the equilibrium gas pressure, T the absolute temperature, R the gas content, ΔH the reaction enthalpy and ΔS the reaction entropy.
5 Figure shows PCT measurements for LaNi 5 , a classic intermetallic hydride, at six temperatures and the van't Hoff plot showing the temperature/pressure relationship. 6 The PCTPro-2000 instrument enables the direct determination of ΔH and ΔS in a single measurement, thus reducing the measurement time dramatically. 
Materials Performance Measurements
In addition to the fundamental mechanisms of gas-solid and gas-liquid interactions, Sievert's instruments are ideal for collecting important material performance data. For example, by making cycle life measurements and catalytic measurements with introduced impurities in the sorption gas, the tolerance of the sample to poisoning can be determined. This information can be very valuable when considering a material's potential for commercial applications.
Versatility
The biggest advantage of the PCTPro-2000 over a gravimetric system is that the sorption measurement is independent of the sample holder design. Unlike gravimetric systems where the sample is restricted to being placed on the balance arm or lever, the sample holder of a volumetric instrument can be of any size, shape, material, position, and location. This makes the volumetric device ideal for simultaneous secondary measurements such as in situ XRD, IR, neutron diffraction, spectrometry, thermal conductivity, electrical conductivity, and many more. An example of the simultaneous controlled deuteration and neutron diffraction of CeMn 1.5 Al 0.5 is shown in Figure a 
Reference Kit for Hydrogen Storage-686115-1KT
Materials included in the kit are designed to be used with the PCTPro-2000 System. They can also be used for demonstration purposes and as standards during the development of novel hydrogen storage and battery materials. 
68591-10G
For more information about these and other related materials, please visit sigma-aldrich.com/hydrogen.
Gas Sorption Analysis Tool
Hy-Energy's PCTPro-000 Gas Sorption Analyzer
Most versatile and robust Sieverts Apparatus available!
User-friendly LabView-based software package is designed to remove user error and guesswork.
HyData software control and analysis package: Includes thirteen automated processes and measurement routines; allows real-time viewing of results and parameter adjustment during measurements. Data outputted in a standard, easy-to-read ASCII file format. Advanced data analysis supported through HyAnalysis, a powerful analysis software package.
Visit sigma-aldrich.com/pctpro to download a brochure or request one from matsci@sial.com. Designed to perform wide range precision kinetics, PCT-isotherm, and cycling measurements on samples ranging in size from milligrams to kilograms. Constructed to be compatible with essentially all research-grade gases. Five calibration volumes, eleven high-pressure control valves, multiple high-precision auto-switching pressure transducers. Extremely stable temperature regulated manifold, and a PIDcontrolled internal pressure system able to regulate pressures from 1 mbar to 200 bar with high accuracy.
Solid-state nuclear magnetic resonance (NMR) methods have been used to characterize metal hydrides and other hydrogen storage materials for over fifty years. Until recently, attention was usually focused on assessing structural properties, electronic parameters, and diffusion behavior of the hydride phases of metals and alloys using mostly transient NMR techniques or low-resolution spectroscopy. [1] [2] [3] This interest was stimulated by the excellent resonance properties of the three common hydrogen isotopes (i.e., 1 H, 2 D, and 3 T) and some other host nuclei (e.g., 23 Na, 45 Sc, 51 V,
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Y, 93 Nb, and 139 La), which allowed detailed evaluation of local interactions between hydrogen and metal atoms, thus complementing diffraction and thermochemical measurements. In particular, the NMR relaxation times are extremely useful to assess diffusion processes over very wide ranges of hydrogen mobility in crystalline and amorphous phases. [1] [2] [3] In order to achieve the challenging weight and volume goals set for the hydrogen storage systems for automotive applications by the U.S. Department of Energy, 4 only the lightest elements (i.e., Li, B, C, N, Na, Mg, Al, Si) can be considered as a basis for such systems. The development and evaluation of hydride-based materials combining various light metal hydrides and transition metal catalysts are the focus of research efforts by numerous international research groups. By implementing advanced solid-state NMR techniques, 5 such as Magic Angle Spinning (MAS), and multi-quantum (MQ) MAS NMR in addition to traditional measurements of nuclear relaxation times, [1] [2] [3] hydride phases of light elements can be investigated more efficiently. Solid-state NMR techniques also offer a better insight into complicated relationships between various processes accompanying the formation of hydride phases and their transformations, including reaction kinetics, reversibility, and the role of catalysts.
To illustrate the current state of solid-state NMR research in the area of hydrogen storage, we will discuss some recent examples typical for the field.
Aluminum-Hydrogen Systems
With hydrogen content of about 10 wt%, alane (i.e., AlH 3 ) and alkali metal alanates (i.e., LiAlH 4 and NaAlH 4 ) are being widely investigated as potential hydrogen storage materials. Although some additives such as Ti-compounds can substantially enhance the reaction rates for alanates 6 and alane based materials, 7 significant issues remain with respect to the reversibility and stability of these hydride phases. Increasingly, solid-state NMR techniques are being used to evaluate phase compositions and transformations in alanates [8] [9] [10] [11] [12] [13] [14] [15] and alane. [16] [17] [18] Static NMR spectra of solids often reveal featureless broadening due to anisotropic interactions between atoms in the solid-state. Such interactions include dipole-dipole couplings, chemical shift anisotropies and quadrupole couplings for nuclei with I.1/2. High-speed (i.e., . 5 kHz) rotation of a sample aligned at the specific "magic angle" of 54.7° with respect to the direction of the external magnetic field averages out most of these broadening sources to yield highly resolved narrow and isotropic lines. 5 In Figure 1 , the very broad component in the static spectrum (0 kHz) is from the immobile protons in the hydride phase while a sharper peak is attributed 17 to the molecules of gaseous hydrogen trapped in the solid (~4% of the total hydrogen content). Although MAS narrows the broad peak, intense residual spinning side bands are still observed in the spectrum even at the very high rotation speed of 35 kHz. These side bands are the result of very strong dipolar interactions that cannot be removed completely. Al MAS NMR spectra of a and g phases of AlH 3 , NaAlH 4 and Na 3 Al MAS NMR technique allows for a clear and distinct identification of tetrahedral and octahedral coordination sites in various types of aluminumbased hydride materials. Al spectrum of a-AlH 3 (w r =35 kHz) shows two weaker peaks at ~40 ppm and ~65 ppm from 5-fold and 6-fold Al-O sites in addition to the peak at 6 ppm from the hydride. 20, 21 for obtaining highly resolved isotropic line components free of quadrupole interactions. The MQMAS method is especially appropriate for quadrupole nuclei because it eliminates the second order quadrupole interactions, which cannot be removed by the MAS NMR alone. Figure 3 shows an example of 27 Al 2D MQMAS NMR spectrum that reveals the presence of oxide phases, which the corresponding 1D 27 Al MAS NMR spectrum alone cannot identify unambiguously. It is worth noting that recently Herberg, et al. 14 have successfully used 27 Al MQMAS to evaluate Al-oxide phases in Ti-doped sodium alanate.
MAS NMR Spectroscopy of Deuterides
Information about the specific locations and symmetries of hydrogen in a hydrogen storage material is highly desirable for determining the detailed structures and dynamic behavior of the hydride phase. Unfortunately, due to narrow ranges of chemical shifts and extensive residual dipolar proton-proton interactions, 1 H MAS NMR is not always a best solution for such investigations. However, dipolar broadening as well as quadrupolar contributions can be significantly reduced or even eliminated for the deuterons ( 2 D) in deuteride phases, which makes it possible to observe local symmetries and multiple site occupancies directly.
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Figure presents the 2 D MAS NMR spectra of two different ZrNiD x phases with two distinctly different lattice sites for each phase. 23 These NMR results are strongly supported by neutron powder diffraction studies of the b-ZrNiD 0.88 , 25 which, contrary to the prior assignment, also reveal two locations for D-atoms. This allows for a better understanding 23 of diffusion processes in both phases of ZrNiD 0.88 . In another example, Adolphi and co-workers have used 2 D MAS NMR techniques to differentiate the occupancy and mobility of deuterons in the tetrahedral and octahedral sites in YD x phases and showed that this approach can be used on different classes of deuterides.
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Summary
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